The wild boar is an ancestor of the domestic pig and an important game species with the widest geographical range of all ungulates. Although a large amount of data are available on major histocompatibility complex (MHC) variability in domestic pigs, only a few studies have been performed on wild boars. Due to their crucial role in appropriate immune responses and extreme polymorphism, MHC genes represent some of the best candidates for studying the processes of adaptive evolution. Here, we present the results on the variability and evolution of the entire MHC class II SLA-DRB1 locus exon 2 in 133 wild boars from Croatia. Using direct sequencing and cloning methods, we identified 20 SLA-DRB1 alleles, including eight new variants, with notable divergence. In some individuals, we documented functional locus duplication, and SLA-DRB1*04:10 was identified as the allele involved in the duplication. The expression of a duplicated locus was confirmed by cloning and sequencing cDNA-derived amplicons. Based on individual genotypes, we were able to assume that alleles SLA-DRB1*04:10 and SLA-DRB1*06:07 are linked as an allelic combination that co-evolves as a two-locus haplotype. Our investigation of evolutionary processes at the SLA-DRB1 locus confirmed the role of intralocus recombination in generating allelic variability, whereas tests of positive selection based on the dN/dS (nonsynonymous/synonymous substitution rate ratio) test revealed atypically weak and ambiguous signals.
Introduction
The wild boar (Sus scrofa) is an ancestor of the domestic pig, which was domesticated 9000 years ago through estimated six independent global domestication events (Larson et al. 2005) . It represents an important game species with the widest geographical range of all ungulates, occurring naturally in Europe, Asia and North Africa and being introduced to other continents (Scandura et al. 2011) . Up until the last few centuries, the wild boar was widespread and common throughout the European continent. However, during the last two centuries, exploitation and habitat transformation caused a strong decline, or even near extinction; however, over the last half of the 20th century the populations have recovered and rapidly increased throughout Europe, even starting to occur in new areas (Massei et al. 2015) . In Croatia, the wild boar is the most important large game species, with populations subject to hunting/management programmes. Annual hunting quotas are approximately 40 000 animals ( Sprem et al. 2016 ). Here, we analysed genetic variability on the adaptive genetic locus belonging to the MHC genetic region, which contains some of the most polymorphic coding genes in the vertebrate genome (Bernatchez & Landry 2003) . The MHC class II genes code for protein receptors expressed on the surface of professional antigen-presenting cells. These receptors bind foreign antigens derived from extracellular pathogens and present them to T cells, which initiate an adaptive immune response (Goldsby et al. 2000) . The receptor's domain involved in antigen binding is encoded by exon 2, which displays an extremely high degree of polymorphism. Polymorphism is pronounced, particularly in the antigen-binding sites, which include amino acids that participate in antigen adhesion (Brown et al. 1993) . The MHC complex in swine, called the swine leucocyte antigen (SLA), has been mapped on chromosome 7 and has been well described (Barbosa et al. 2004 ). The DRB locus, which belongs to SLA class II, is one of the most polymorphic and comprises one functional gene (DRB1) and four pseudogenes (DRB2, DRB3, DRB4 and DRB5) (Smith et al. 2005) . A considerable number of analyses has been conducted on SLA diversity in domestic pigs (Lee et al. 2008; Luetkemeier et al. 2009; Ho et al. 2010; Thong et al. 2011; Gao et al. 2014; Reyes et al. 2014; Le et al. 2015) . In contrast, only a few studies have focused on SLA diversity in wild boars (Barbisan et al. 2009; Moutou et al. 2013) . Barbisan et al. (2009) characterised the SLA-DRB1 locus in four wild boar populations from Europe and found a duplication event at the DRB1 gene in a population from the Florence region in Italy, providing unique evidence of DRB1 gene duplication in swine. Moutou et al. (2013) compared the genetic diversity of two MHC loci, the oligomorphic SLA-DQA and the polymorphic SLA-DRB1, in domestic pigs and wild boar. In both studies only a part of DRB exon 2 was amplified and analysed. Before this research, 83 swine DRB1 alleles identified in domestic pig breeds were deposited in the IPD-MHC database (https://www.ebi.ac.uk/ipd/mhc/).
Here, we analysed the full DRB1 exon 2 locus. To our knowledge, this is the first study in which the variability of the entire SLA-DRB1 exon 2 in wild boars was analysed. The primary goal of this study was to examine the extent of variation within the SLA-DRB1 exon 2 locus, which might provide a genetic tool for investigating the correlation of MHC diversity and disease susceptibility/resistance. Additionally, we were interested in the evolution of the SLA-DRB1 locus, so we aimed to investigate the possible role of recombination in generating allelic diversity and the molecular signatures of natural selection. Finally, as locus duplication was suggested during the course of our research, we aimed to investigate this event and compare it to the DRB1 duplication polymorphism reported in the Italian wild boar population (Barbisan et al. 2009 ).
Materials and methods

Laboratory procedures
Genomic DNA was obtained from tissue samples of 133 wild boars that were shot legally during hunting seasons in 2015-2016 and collected across the Croatian territory. DNA isolation was performed using a Promega Wizard Genomic Purification Kit. Amplification of exon 2 of the MHC class II DRB1 gene was initially conducted following the protocol of Moutou et al. (2013) , which included primers that amplified the 198-bp part of exon 2. However, the majority of individuals analysed appeared to be homozygous, suggesting the existence of PCR null alleles. Therefore, another set of primers was used, namely DRB1F-22 and DRB1R + 284 (Le et al. 2015) , which had the additional benefit of amplifying the full-length coding sequence of exon 2 (267 bp). The comparison of the results obtained by the two primer pairs and schematic representation of primer annealing sites are reported in Table S1 and Fig. S1 . Polymerase chain reactions were carried out in a total volume of 40 ll, containing 150-250 ng of genomic DNA, 19 QIAGEN HotStarTaq Master Mix (consisting of 19 PCR buffer, 200 lM of each dNTP and 2.5 units of HotStartTaq DNA polymerase) and 0.5 lM of each primer. All amplifications were performed using a standard PCR protocol, consisting of an initial incubation at 95°C for 5 min, followed by 35 cycles of denaturation at 95°C for 1 min, annealing at 63°C for 1 min and polymerisation at 72°C for 1 min. A final extension step was carried out at 72°C for 10 min. Sequencing for typing was performed using shortened DRB1F-22 and DRB1R + 284 primers (Le et al. 2015) (Fig. S1 ). Sequence processing and analyses were performed using BIOEDIT (Hall 1999) . Genotype designation in heterozygous individuals was performed using Applied Biosystems SEQSCAPE â software with a reference library consisting of SLA-DRB1 exon 2 alleles found in IPD base and GenBank. New alleles were identified using a cloning procedure that was performed using the pGEM-T Vector System II (Promega) in whcih 12-15 positive clones per individual were isolated. To explore the expression of a duplicated locus, we collected fresh liver and spleen tissue samples from two additional individuals in RNAlater reagent (QIAGEN). RNA was isolated by TRIzol Reagent (Invitrogen), according to the manufacturer's instructions, and was additionally treated with DNase (RQ1 Rnase-Free DNase; Promega) and used for reverse transcription-PCR with SuperScript III One-Step RT-PCR using a Platinum Taq kit (Invitrogen), following the producer's protocol for the reaction. Cycling conditions were within the producer's recommendations (30 min at 52°C; 2 min at 94°C; and 40 cycles consisting of 15 sec at 94°C, 30 sec at 59°C and 1 min at 68°C) with the final extension step of 10 min at 68°C. Intronic primers DRB1F-22 and DRB1R + 284 were not suitable for cDNA, and we designed new primers employing the HYDEN programmes (Linhart & Shamir 2002) , which is applicable for designing degenerate primers for a given set of related DNA sequences. The designed primers were located within the exon and amplified region that included nucleotides 25-267 positions of the exon 2 coding region. The primers were additionally modified (5 0 -GAGTGTCATTTCTT CAAYGG-3 0 and 5 0 -TCGCCGCGGCACGAGGAAKG-3 0 ) to match and amplify all alleles present in the investigated individuals. To finally verify the expression of the duplicated locus, the amplicons were cloned and sequenced.
Genetic analysis
MEGA6 (Tamura et al. 2013 ) was used to conduct an evolutionary analysis that included a number of nucleotide variable sites, nucleotide evolutionary distances, the codonbased Z-test of positive selection and phylogenetic analysis. The codon-based Z-test of selection calculates the average non-synonymous/synonymous substitution rate ratio (dN/ dS = x) across the entire sequence using the counting method of Nei & Gojobori (1986) , corrected for multiple substitutions (Jukes & Cantor 1969) . We calculated positive selection separately on the entire exon 2 sequences and on the extracted antigen binding codons, applying the onetailed Z test with standard errors resulting from 10 000 bootstrap replicates. Further, we tested positive selection on individual codons using two maximum likelihood methods that treat each codon independently. First, the CODEML programme within the PAML 4.3b package (phylogenetic analysis by maximum likelihood; Yang 2007) identifies codons affected by positive selection based on a Bayesian approach. The models implemented in the analysis were M0, M1a and M7, which do not allow for positive selection and serve as null models for M3, M2a and M8 respectively. The nested models were compared using the likelihood ratio test, whereas posterior probabilities for site classes in models M2a and M8 were calculated using the Bayes empirical Bayes (BEB) approach. Second, we assessed the influence of positive selection on individual codons using the conservative SLAC (single likelihood ancestral counting) method (Kosakovsky Pond & Frost 2005b ) and the more relaxed FUBAR (fast unconstrained Bayesian approximation) method (Sin et al. 2012; Murrell et al. 2013) . Both methods were conducted using the HYPHY programme package (Kosakovsky Pond et al. 2005) , and the analysis was performed on the Datamonkey web server (Kosakovsky Pond & Frost 2005a; Delport et al. 2010) . Analysis of the intralocus recombination on the SLA-DRB1 locus was conducted using the RECOMBINATION DETECTION PROGRAM (RDP4) version 4.96 (Martin et al. 2010) , which includes various recombination methods and, for identification of the recombinant sequence, applies a weighted consensus of different statistical and phylogenetic methods. To detect recombination events and avoid false positives, we took a conservative approach and applied default methods: RDP (Martin & Rybicki 2000) , GENECONV (Padidam et al. 1999) , MAXCHI (Smith 1992) , bootscan (Martin et al. 2005) and SiScan (Gibbs et al. 2000) . Default settings were used in the analysis, with a maximum P-value of 0.05 and Bonferroni correction for multiple comparisons, while the Disentangle Overlapping Signals option was off. To filter results and refine the recombination hypothesis, we considered breakpoint positions, phylogenetic trees and consensus score. Phylogenetic analysis was conducted using a maximumlikelihood method through 10 000 bootstrap replicates. Three alleles that were inferred to originate from the recombination process (Table 1) were excluded from analysis. To construct a phylogenetic tree, we used 17 SLA-DRB1 alleles found in this study and DRB alleles from taxa that shared the same ancestry with Suidae and whose alleles were available in GenBank: family Bovidae (order Artiodactyla) and order Cetacea (clade Cetartiodactiyla). Prior to analysis, the best-suited evolutionary model for our dataset was determined according to the Bayesian Information Criterion calculated by MEGA6 (Tamura et al. 2013) .
Results
Allelic diversity on SLA-DRB1, gene duplication and expression of duplicated locus
We identified 20 SLA-DRB1 267-bp alleles. None of the detected sequences contained indels or stop codons. Among the individuals analysed, 33 were homozygous (24.8%) (Table S2 ). Four alleles occurred at a frequency of greater than 10%, and four alleles were found in single individuals (Table 2) . Eight alleles were new, not found in GenBank or IPD base. The new allele SLA-DRB1*14:03 was the most common in investigated samples, occurring at frequency of 19.34%, and was present in five homozygous individuals (Table S2) . New alleles SLA-DRB1*02:11, *06:07, *04:10 and *04:09 occurred at a frequency of 1-6%, whereas *11:09, *02:10 and *10:01:02 were rare (<1%) ( Table 2 ). Each new allele was named by the SLA Nomenclature Committee of the International Society for Animal Genetics (ISAG) (Smith et al. 2005) . New alleles are available in GenBank under the accession numbers KY884323-KY884330 and in the IPD-MHC database.
We observed triple peaks in the genomic sequence profiles of eight individuals. After cloning was performed, three alleles were confirmed in each of the eight individuals (Table S2) . Each of them possessed alleles SLA-DRB1*06:07 and SLA-DRB1*04:10 that were identical to SLA-DRB1*wb12 and SLA-DRB1*wb05 respectively, identified in the Florentine wild boar population (Barbisan et al. 2009 ) (the match was based on 209 bp, the length of the sequences in Barbisan et al. 2009 ). Interestingly, alleles SLA-DRB1*wb05 and SLA-DRB1*wb12 were also identified in seven individuals with three alleles. Furthermore, Barbisan et al. (2009) proposed that the SLA-DRB1*wb05 allele belonged to the duplicated locus, suggesting that the SLA-DRB1*04:10 allele found in this investigation might also belong to the duplicated DRB1 locus. Apart from eightthree-allelic individuals, the same allele pair was present in two more individuals (5-32 and 13-4) ( Table S2 ). If we presume that the SLA-DRB1*04:10 allele belongs to the duplicated locus, then those two individuals would be homozygous for both the original DRB1 locus (allele SLA-DRB1*06:07) and the duplicated DRB1 locus (allele SLA-DRB1*04:10).
To explore whether a duplicated locus was expressed, we compared cDNA from both liver and spleen samples of two additional three-allelic individuals with those obtained from their genomic DNA. Due to the exonic position of the cDNA primers, we analysed the incomplete exon 2 region, which excluded the first 24 bp. The sequencing and cloning procedures of exon 2 PCR products of both cDNA and genomic DNA revealed identical genotypes. This finding suggests that the duplicated locus does not represent a pseudogene but translates to a functional protein sequence.
With the exception of SLA-DRB1*10:01:02 and SLA-DRB1*10:01, all SLA-DRB1 alleles differed at the amino acid level, suggesting that they might also differ in their antigen-binding properties. The analysis of the nucleotide alignment of the 20 detected alleles revealed 79 (30%) variable nucleotide sites, which were distributed across 52 codons. The non-synonymous nucleotide changes among the alleles resulted in 38 (43%) variable sites in the amino acid alignment. Out of 38 variable codon positions, 17 were located in putative important antigen-binding positions and 10 were located in the neighbouring codons, according to the human ortholog (Brown et al. 1993) . The overall nucleotide evolutionary distance, calculated using the Jukes-Cantor substitution model with a gamma distribution shape parameter, was 18.63%, whereas the amino acid evolutionary distance, calculated using the Jones-TaylorThornton substitution model, was 34.7%.
Evolution of SLA-DRB1: positive selection, recombination and trans-species polymorphism
The global estimates of dN/dS, averaged across all codon sites using the codon-based Z-test of selection, did not show the presence of positive selection at the SLA-DRB1 locus. Indeed, the synonymous mutation rate (dS = 0.17) exceeded the non-synonymous mutation rate (dN = 0.11) The match was based on incomplete exon 2 sequences, which included the first 209 bp of the exon 2 coding region (the length of the sequences from Barbisan et al. 2009 ). The remaining 58 bp of the exon contain at least 18 nucleotide polymorphic sites.
2 Allele found at duplicated DRB1 locus.
resulting in a dN/dS value less than 1 (0.62). Furthermore, dN/dS estimated on extracted antigen-binding residues still remained at less than 1 (0.88). However, the methods that calculated dN/dS values (x) on individual codons identified up to eight codons predicted to be affected by positive selection (Table 3) . Additional confirmation of historical positive selection on the SLA-DRB1 locus came from comparison of the nested models implemented in CODEML, whereby models allowing variable evolutionary rates across codon sites gave a better fit to our sequence data (Table S3 ). The recombination analysis revealed two recombination events that resulted in three alleles originating from the recombination process (Table 1, Fig. S2 ). Our analysis settings were adjusted to avoid false positives, and we assume that a minimum of recombination events in our dataset were detected.
Phylogenetic reconstruction revealed high bootstrap values for the clustering of the phylogenetic groups wherein cetacean, bovid and wild boar DRB alleles formed wellsupported monophyletic clades, whereas the DRB1*04:10 allele was found at the duplicated locus grouped with other DRB1 wild boar alleles (Fig. 1) .
Discussion
Polymorphism and copy number variation
Studies of polymorphisms of the 267-bp exon 2 of the SLA-DRB1 locus in Croatian wild boars have revealed considerable levels of nucleotide and amino acid polymorphisms with respect to the number of sequences and evolutionary distances.
The large discrepancy in a number of alleles detected in the population using different sets of primers (Thong et al. 2011; Moutou et al. 2013) points to the importance of using appropriate primers for highly polymorphic multigene families, such as the MHC. Due to high allelic variation and copy number variation, designing optimal PCR primers that amplify all alleles present in the sample is often problematic, particularly in non-model species (Babik 2010) . We actually identified six polymorphic nucleotide positions located within annealing sites for primers used by Moutou et al. (2013) . The use of degenerate primers, which are mixtures of similar oligonucleotides (Lang & Orgogozo 2011) , enables the amplification of the majority of alleles present in a population and provides representative results on allelic variability.
The finding of three alleles in some individuals implies the presence of a duplicated locus. MHC in swine has been well described and characterised in a considerable number of studies, whereas the duplication of the functional DRB1 gene has been discovered only recently (Barbisan et al. 2009) , underlying the heterogeneity of the MHC genomic organisation regarding copy number variation among and within a species (Kelley et al. 2005) .
MHC genes are postulated to be subject to the birth-anddeath evolution process in which new genes are created by repeated gene duplication, and some of them are maintained in the genome for a long time, whereas others are deleted or become non-functional through deleterious mutations (Takahashi et al. 2000) . However, those pseudogenes represent a significant challenge in MHC genotyping, so simultaneous analysis of genomic and cDNA is needed to distinguish pseudogenes from functional loci (Babik 2010) . In this study, the transcription of the duplicated locus was verified, confirming its functionality. Functional duplication of the DRB1 locus might increase allelic diversity and improve adaptive potential to environmental challenges. Indeed, functional duplicated MHC genes have been found in many species (Kuduk et al. 2012; Schad et al. 2012) .
Although our data did not allow us to infer which of the two alleles arose by duplication, we accepted the arguments of Barbisan et al. (2009) , who implied that the initial duplication included the DRB1*wb05 allele, identical to our SLA-DRB1*04:10 allele. Although clade monophyly and locus duplication are expected to correlate as in felids, for which five DRB loci form five monophyletic clusters (O'Brien & Yuhki 1999) , phylogenetic reconstruction in this study revealed that the DRB1*04:10 allele grouped with other DRB1 alleles, forming a well-supported clade Table 3 Results of the dN/dS test obtained by four maximum-likelihood methods applied to 20 DRB gene exon 2 sequences detected in this study. x values represent synonymous vs. non-synonymous substitutions (dN/dS) for particular codons. Only codons are shown for which dN significantly exceeds dS, which points to positive selection. Codons predicted to be involved in antigen binding based on structural models obtained with the human orthologue (Brown et al. 1993 ).
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Codons adjacent to those predicted to be involved in antigen binding based on structural models obtained with the human orthologue (Brown et al. 1993) . Figure 1 Maximum-likelihood phylogenetic trees of 17 SLA-DRB1 alleles found in this study (three alleles with recombinant signals were excluded from analysis) and DRB alleles from taxa that share the same ancestry with Suidae and whose alleles were available in GenBank: family Bovidae (order Artiodactyla) and order Cetacea (clade Cetartiodactiyla). Bootstrap results were calculated using 10 000 replicates. Trees were rooted using human HLA sequences and drawn to scale with branch lengths proportional to the number of substitutions per site.
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( Fig. 1 ). This suggests that the duplication event was recent and that paralogous sequences did not accumulate sufficient divergence to be apparent as distinct clusters. The fact that the same two alleles (SLA-DRB1*06:07 and SLA-DRB1*04:10) always appeared together (Table S2) indicates that the two MHC gene duplicates are linked. The same allele pair was found in seven three-allelic individuals in the Florentine wild boar population (named DRB1*wb12 and DRB1*wb05) (Barbisan et al. 2009 ). We assume that alleles SLA-DRB1*06:07 and SLA-DRB1*04:10 belong to separate DRB1 loci but are linked as an allelic combination that co-evolves as a two-locus haplotype. The MHC is known for a high level of linkage disequilibrium, which results in the inheritance of allelic combinations or haplotypes (Garrigan & Hedrick 2003) . Several possible explanations exist for linkage disequilibrium, including low recombination rate and/or maintenance of functionally coordinated sets of alleles by selection (Traherne 2008) . It is proposed that allele combinations that support efficient immune responses to pathogens persist due to selection operating over tens or hundreds of generations (Garrigan & Hedrick 2003) .
The finding of DRB1 locus duplication in Croatian and Italian wild boar population could be a consequence of the animals' common origin and consistent with the fact that some Italian animals were imported for restocking purpose from Central Europe (Appolonio et al. 1988; Barbisan et al. 2009 ). However, the match between alleles found in Croatian and Italian individuals should be taken with caution, as it is based on partial exon 2 sequences that are only 209 bp long (Barbisan et al. 2009 ), and at least 18 nucleotide polymorphic sites reside in the remaining part of exon 2. On the other hand, because there is only a limited number of published investigations on wild boar MHC, it is also possible to miss the presence of the third allele, as sequence data might appear 'noisy' with poorly defined peaks.
Evolution of the SLA-DRB1: selection, recombination, phylogeny
The results on the selection analysis were somewhat unexpected: positive selection that operates over a long evolutionary time period, commonly assessed by the dN/dS test, was not unequivocally confirmed in our study. As reviewed by Bernatchez & Landry (2003) , the dN/dS test failed to demonstrate positive selection in only one of the 48 studies. However, extrapolation of antigen binding sites according to a human ortholog might be incorrect for swine. Additionally, synonymous mutations accumulate with time, thus reducing the signal for positive selection assessed by the dN/dS rate ratio (Hughes & Friedman 2004) . Further analysis of individual codons revealed a relatively low number of codons under positive selection in comparison to those in other species; for example, 21 codons under positive selection were detected in bats (Schad et al. 2012) , 18 in the brown bear (Kuduk et al. 2012 ) and 14 in the grey wolf (Arbanasi c et al. 2012) .
Results from the recombination analysis (Table 1 ) confirm the hypothesis that intragenic recombination presents an important evolutionary mechanism for generation of MHC sequence diversity (Ohta 1995) , as detected also in ungulates (Schaschl et al. 2006) , black bears (Yasukochi et al. 2012) and European badgers (Sin et al. 2012) .
Trans-species polymorphism, which is typical for genes subjected to balancing selection and assumes allele retention across the speciation, could not be confirmed in this study, as sequences of the wild boar sister taxa were not available. Trans-species polymorphism on polymorphic MHC genes is found mainly within the genus and, in some studies, among families [e.g. Delphinidae (Arbanasi c et al. 2014), Muridae (Musolf et al. 2004) and Equidae (Arbanasi c et al. 2013) ]. The only study that analysed DRB1 sequences of species closely related to pigs (Luetkemeier et al. 2009 ) revealed that identical DRB1 alleles were found both in pigs and in an outgroup that consisted of bearded pig (Sus barbatus) and collared peccary (Pecari tajacu), which directly indicated trans-species polymorphism. Finally, trans-specific evolution of DRB genes in artiodactyls has already been established (Garrigan & Hedrick 2003) .
In conclusion, we anticipate that the findings of this study will contribute to better characterization of the SLA gene clusters and will serve as a basis for investigating the association between MHC polymorphism and resistance to infectious organisms in this commercially important game species.
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